ABSTRACT: Biting midges in the genus Culicoides act as vectors of arboviruses throughout the world and as vectors of filariasis in Latin America, the Caribbean, and parts of Africa. Although Culicoides spp. are currently not considered to be vectors of Leishmania protozoa, the high abundance of biting midges in areas with active cutaneous leishmaniasis transmission points to the possibility of Culicoides infection by these pathogens. We used PCR to test captured Culicoides species for natural infection with Leishmania spp. We tested 450 Culicoides females, divided into 30 pools of 15 individuals each, as follows: nine pools of C. foxi (135 specimens), seven pools of C. filariferus (105), seven pools of C. insignis (105), five pools of C. ignacioi (75), and two pools of C. flavivenula (30). PCR confirmed the presence of Leishmania braziliensis DNA in C. ignacioi (0.14%), C. insignis (0.14%), and C. foxi (0.11); and Le. amazonensis DNA in C. filariferus (0.14%) and C. flavivenula (0.50%). We conclude that these Culicoides species can be naturally infected, but vector competence and transmission capability must be confirmed in future studies. Our results warrant further investigation into the role of these biting midge species in the leishmaniasis epidemiological cycle. Journal of Vector Ecology 41 (2): 303-308. 2016.
INTRODUCTION
Culicoides biting midges belong to the highly diverse ceratopogonidae family. Since the beginning of this decade, 1,322 species have been cataloged, grouped into 31 subgenera with 38 groups remaining that have yet to be included in any known subgenera (Borkent 2012) . The most frequent impact of biting midges on human health is the bothersome bite of the female, which in severe cases leads to the formation of papules and itchy blotches on the skin, sometimes with permanent scarring (Felippe-Bauer and Sternheim 2008 , Linley et al. 1983 , Sherlock 1965 . However, it also plays a role in disease transmission as the most important global cattle arbovirus vector (Mellor et al. 2000) . These insects have rarely been implicated as the major pathogen transmission agents for humans globally, however some species, such as Mansonella ozzardi, M. perstans, and M. streptocerca, can transmit filarial (nematode) infections to humans (Linley et al. 1983, Shelley and Coscarón 2001) , resulting in high prevalence of pathogenic filariasis in the New World (Hawking 1979 ) and western and central Africa (Simonsen et al. 2011) . Despite the relevance of biting midges to public health in the Americas, including Brazil, greater attention has been given to other insect vectors. For example, sand flies from the Lutzomyia genus are relatively well-described due to their role in transmitting leishmaniasis (Young and Duncan 1994, Aguiar and Medeiros 2003) .
In the state of Maranhão, about forty species of biting midges have been described (Silva and Rebelo 1999 , Barros et al. 2007 , Costa et al. 2013 . This is a small number compared to the over 90 species of Lutzomyia that have been cataloged in the state . Many biting midge species have been discovered during sand fly entomological surveys in areas with active transmission of leishmaniasis.
During a study designed to monitor sand fly fauna in an endemic area of American cutaneous leishmaniasis (ACL), we caught a large number of Culicoides specimens in the same traps. This finding suggested the possibility that the most abundant Culicoides may be capable of infection with Leishmania and could participate in the transmission of leishmaniasis. Recent studies have demonstrated the capability of Leishmania spp. to develop in midges, suggesting their potential role as vectors of this pathogen. Seblova et al. (2012) found that Le. infantum does not complete development in C. nubeculosus, however subsequent studies showed that C. sonorensis can harbor late stages of Le. enriettii infection (Seblova et al. 2015) . Similarly, Slama et al. (2014) detected Leishmania DNA in naturally infected Culicoides spp. for the first time in Tunisia. Finally, using both molecular approaches and microscopic detection of promastigotes in the intestine, Dougall et al. (2011) reported natural infection of Forcypomyia, a ceratopogonid from the Forcipomyiinae subfamily, by a member of the Le. enrietti parasite complex.
These studies highlight the potential of ceratopogonids to participate in the Leishmania transmission cycle, but it is unclear whether this may occur as an incidental and terminal link, or as a vector. We used molecular tools to detect Leishmania in Culicoides species in an active transmission area for cutaneous and visceral leishmaniasis. The study took place in Maranhão state and is the first of its kind in Brazil.
MATERIALS AND METHODS

Study area
Culicoides were captured in rural areas of Governador Nunes Freire city in the northwestern state of Maranhão, Brazil (Figure 1 ). It is a low altitude area (39 m on average), originally covered by the Amazon rain forest. The entire municipal area has a hot and humid equatorial climate, with a rainy season from January to June containing on average 94% of the total annual rainfall, and a dry season from July to December which contains only 6% of the annual rainfall. The total rainfall is high, around 2,000 mm per year. The relative humidity is high (annual average of 90%) and temperatures are high throughout the year (mean 26° C), with little annual variation.
Biting midge collection
Two residences were selected that contained henhouses in the yard because chickens are the most common animals in these villages. The residences were located roughly one km apart. We installed two CDC light traps at each site in the henhouses at a 1.5 m above ground. The capture periods were from 06:00 to 18:00 and were placed once a month from May, 2012 to April, 2014. Captured Culicoides were placed in plastic containers, labeled, and taken to the Entomology and Vector Laboratory at the Federal University of Maranhão for freezer storage. All specimens were identified using microscopes and dichotomous keys (Wirth and Blanton 1973 , Wirth et al. 1988 , Spinelli et al. 2005 . Several specimens were mounted on slides with cover slips for identification. Wings and genitalia were used to identify morphological species.
We selected only dominant Culicoides species with a sufficient number of blood-fed females for molecular analyses. We emphasize that only females are hematophagous, and thus only females have the capacity to become infected with pathogens.
DNA extraction and PCR
DNA was extracted using the GentraPuregene® tissue and cell extraction kit (QIAGEN). Leishmania spp. infection was detected by PCR through amplification of the ITS1 fragment (300-350 bp) using genus-specific primers:
[LITSR 5'-CTGGATCATTTTCCGATG-3' and L5.8S 
PCR-RFLP for Leishmania spp. identification
Positive samples (yielding 300-350 bp fragments) were digested using a restriction enzyme (HaeIII). Each reaction contained 0.2 μl HaeIII (10U/ul), 1.8 μl of enzyme buffer, 3.0 μl ultrapure water, and 5.0 μl of PCR product. The reaction was incubated at 37º C for 1 h, then analyzed on 4% agarose gel. Amplification products cut with the restriction enzyme had band patterns matching those of the positive controls. Minimal infection rates were calculated according to Paiva et al. (2007) .
RESULTS
Sampling resulted in the capture of 3,497 specimens of 14 Culicoides species. The dominant species were C. foxi (1,457 individuals), C. insignis (982), C. filariferus (502), C. ignacioi (306), and C. flavivenula (153). The other 97 specimens included C. paucienfuscatus, C. leopoldoi, C. boliviensis, C. ruizi, C. debilipalpis, C. guyanensis, C. gutattus, C. fernandoi, and C. limai species, with the following rates of infection: C. ignacioi (0.14%), C. insignis (0.14%), and C. foxi (0.11%). Le. amazonensis was found in two other species, with the following rates of infection: C. filariferus (0.14%) and C. flavivenula (0.50%).
DISCUSSION
We report the presence of Leishmania DNA on Culicoides spp. for the first time in Brazil. The results show the detection of Le. braziliensis DNA on C. foxi, C ignacioi, and C. insignis, while Le. amazonensis DNA was detected on C. filariferus and C. flavivenula. These two Leishmania species are known etiological agents of American integumentary leishmaniasis, which may partially explain disease occurrence in the study area. There were 342 cases between 2007 and 2015, with an annual variable incidence of 71 -295 cases per 100,000 residents in the same period.
Although the presence of natural infection in biting midges suggests the possibility of their role as potential vectors of leishmaniasis, our results should be interpreted with caution. The results indicate that biting midges can be naturally infected, however, their ability to transmit Leishmania has not been confirmed and must be tested experimentally. Furthermore, it is known that some species of Leishmania use sand fly species as primary vectors and other taxonomically close species as secondary vectors and occasionally infect other species of no epidemiological importance (i.e., non-competent vectors) (Lainson 2010) .
In Brazil, Le. Amazonensis, which was detected in C. filariferus and C. flavivenula, produces both simple and diffuse cutaneous forms of ATL. Human cases produced by this pathogen have been reported in all geographical regions but mainly in the Amazon region (Silveira et al. 1990 , Grisard et al. 2000 , Lainson and Shaw 2005 , Dorval et al. 2006 . Generally speaking, transmission is associated with wild rodents (Proechimys sp., Oryzomys sp., Nectomys sp., and Dasyprocta sp.), marsupials (Metachirus sp., Didelphis sp., Philander sp., and Marmosa sp.), and foxes (Cerdocyon thous thous) (Lainson 2010) . The most important natural vector is Lu. flaviscutellata Shaw 1968, Ward et al. 1977) , but there are records of occasional infections in closely related species such as Lu. olmeca and Lu. reducta Basano 2004, Freitas et al. 1989) and Lu. nuneztovari, Bolivia (Martinez et al. 1999) . Despite these records, the role of these sand fly species in the biological cycle of Le. amazonensis is still questioned. The fact that this parasite has been encountered in hosts from another evolutionary group (Ceratopogonidae) calls for discussion on pathogen fidelity in these parasite-vector relationships.
Le. braziliensis is a broadly distributed species of the subgenus Viannia, having been recorded in all Brazilian states. Several sand fly species are involved in its transmission, including Lu. intermedia, Lu. whitmani sensu stricto, Lu. wellcomei, Lu. migonei, Lu. neivae, and Lu. davisi (Lainson 1989 , Lainson and Shaw 1987 , Lainson 2010 , Rangel et al. 1992 . It is the most prevalent agent of human leishmaniasis, causing both cutaneous and mucosal lesions. It is distributed throughout the endemic ATL zone in Brazil in older and more recently colonized areas, and is usually associated with the presence of domestic animals (Gontijo and Carvalho 2003) .
Recent studies in Maranhão in endemic areas of leishmaniasis have reported Lutzomyia infected with Leishmania spp. in several areas, including the Amazon. This has been found mainly in the dominant species Lu. whitmani and Lu. longipalpis, which are competent vectors of American integumentary leishmaniasis and American visceral leishmaniasis, respectively. Lu. whitmani has an infection rate of 0.4% in hot and humid Amazon regions (OliveiraPereira et al. 2006) , while Lu. longipalpis had infection rates of 1.25% and 0.25% for Le. infantum chagasi in semi-humid areas in transition between the humid Amazon and semi-arid northeast (Soares et al. 2010) .
In humid and sub-humid climate areas Lutzomyia spp. and Culicoides spp. can be captured in the same traps , Costa et al. 2013 , Gusmão et al. 2014 , thus infection of ceratopogonids by Leishmania is feasible due to the obvious overlap of habitat and likely sources of blood. Lutzomyia and Culicoides are commonly collected in peri-domestic environments, and studies show that sand flies and ceratopogonids utilize similar blood hosts consisting primarily of domestic and synanthropic animals. Evaluation of the intestinal contents of C. foxi, C. ignacioi, and C. insignis detected blood from poultry, equines, rodents, bovines, and humans. Opossum blood was found in C. foxi and C. insignis, and dog blood was found in C. ignacioi and C. insignis (Costa et al. 2013) . C. flavivenula feeds on poultry, rodents, and humans (Gusmão et al. 2014) . Studies by Dias et al. (2003) and Oliveira-Pereira et al. (2006) show that the same vertebrates are used as blood sources by sand flies. This overlap in blood hosts by Lutzomyia and Culicoides, including mammals that are known Leishmania reservoirs, suggests that these pathogens likely infect both populations of the two groups of flies. Seblova et al. (2015) demonstrated late-stage Le. enriettii infection and colonization in the stomodeal valve of C. sonorensis, leading to midges being implicated in the transmission of these protozoa. Le. enriettii is distributed across the states of Paraná and São Paulo in Brazil, and the mechanisms of transmission are not well established in this species (Lainson 2010) . Studies evaluating vector competence in Brazilian midges, especially species that have been found naturally infected, are critical for elucidation of the mechanisms of Leishmania transmission.
This study demonstrated that five species of Culicoides of the New World can be naturally infected by Leishmania species, but vector competence and transmission capability are not yet proven. Although Culicoides spp. have the capacity to become infected with Leishmania in different regions of the world (Slama et al. 2014 , Dougall et al. 2011 , experimental studies demonstrating vector competence for Leishmania, like Seblova et al. (2015) , and transmission to vertebrate hosts are still needed. Our results highlight the need for further investigations of C. foxi, C. insignis, C. ignacioi, C. filariferus, and C. flavivenula and their potential to transmit these pathogens among vertebrates. Further studies may also lead to a better understanding of the ecology of biting midges and Leishmania spp. and epidemiological cycles of cutaneous leishmaniasis, which may be more complex than previously thought. These results also lead us to recommend initiation of measures to control vector populations in leishmaniasis transmission areas with simultaneous occurrence of sand flies and biting midges.
